ABSTRACT
Cytogenetic abnormalities involving chromosome 5, either monosomy 5 or a long-arm deletion del(5q), are common findings in de novo myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML), as well as therapy-related myeloid neoplasms (t-MNs). 1 Monosomy 5 is frequently associated with multiple cytogenetic abnormalities (complex karyotype), whereas del(5q) may occur in isolation. [2] [3] [4] Isolated del(5q) has been considered as an adverse prognostic factor in AML. 5 In contrast, isolated del(5q) in de novo MDS, often referred to as 5q-syndrome in the literature, is often associated with good prognosis. The 5q-syndrome is characterized by macrocytic anemia, a normal or elevated platelet count, small and hypolobated megakaryocytes, and a low rate of progression to AML. 6 This disease has been classified as a distinct entity, designated as "MDS with isolated del(5q)" by the 2008 World Health Organization classification. 1 t-MNs, including therapy-related AML (t-AML) and therapy-related MDS (t-MDS), are late complications of cytotoxic therapies (chemotherapy and/or radiation) used in the treatment of both malignant and nonmalignant diseases. 1 Cytogenetic abnormalities can be detected in more than 90% of the patients with t-MN, and more than half of these patients have a complex karyotype. 1, 2, 7 Abnormalities involving chromosomes 5 and 7 are most common, presenting in 60% to 70% of patients with t-MDS/AML, 8 and are often associated with prior exposure of alkylating agents or ionizing radiation. 2, 8, 9 Del(5q) is the most common structural abnormality detected in patients with t-MN, in approximately 20% of these patients. 2 Although del(5q) is a frequent abnormality encountered in MDS/AML and thought to contribute to the pathogenesis in t-MN, we have observed patients who have developed isolated del(5q) following cytotoxic therapies but had not yet developed t-MN with close clinical follow-up. 10 In addition, many of the clonal cytogenetic abnormalities emerging after tyrosine kinase inhibitor (TKI) treatment for chronic myelogenous leukemia (CML) have been reported to be of uncertain clinical significance, [11] [12] [13] whereas the detection of isolated del(5q) has not been reported in this particular clinical setting, and its clinical significance is unknown.
To understand the clinical significance of development of isolated del(5q) in the posttherapy setting, we retrospectively reviewed the cytogenetic archives at our hospital for patients who acquired isolated del(5q) following cytotoxic chemotherapy/radiotherapy or TKI treatment. We performed a detailed clinical, pathologic, and cytogenetic review and performed fluorescence in situ hybridization (FISH) in all patients.
Materials and Methods

Patients
We searched the database of the Clinical Cytogenetics Laboratory at The University of Texas MD Anderson Cancer Center from 2003 through 2014 for del(5q) as the sole clonal abnormality. We then selected patients who had received cytotoxic chemotherapy/radiotherapy or TKI for prior malignancies before developing del(5q). A detailed chart review was conducted in all patients, with a focus on history of malignancies and therapies, as well as patient outcomes. All samples were collected following institutional guidelines with informed consent in accordance with the Declaration of Helsinki.
Peripheral Blood and Bone Marrow Assessments
Peripheral blood (PB) smears, bone marrow (BM) aspirate smears, and trephine biopsy specimens were evaluated for morphologic evidence of dysplasia and the percentage of blasts. BM cellularity was evaluated in BM biopsy specimens. The involvement of BM by primary cancer was evaluated by morphology, immunohistochemistry and/or flow cytometry immunophenotyping analysis, or molecular analysis (BCR/ABL in patients with CML). CBC at the time of del(5q) detection and during follow-up was reviewed.
Conventional Chromosomal Analysis
Conventional chromosomal analysis was performed on G-banded metaphases prepared from unstimulated 24-hour and 48-hour BM aspirate cultures (for primary diagnosis of myeloid neoplasms or solid tumors) or unstimulated 24-hour and mitogen-stimulated 72-hour BM aspirate cultures (for primary diagnosis of lymphoma or myeloma) using standard techniques. Mitogens included lipopolysaccharide, oligonucleotides, 12-O-tetradecanoylphorbol-13-acetate, and interleukin 4. Twenty metaphases were analyzed, and the results were reported using the International System for Human Cytogenetic Nomenclature (2013). 14 
FISH Analysis or Combined Morphologic and FISH Analysis
FISH analysis alone or combined with morphologic analysis was performed in all patients with D5S721, D5S23/ EGR1 probes (Abbott Molecular, Des Plaines, IL). The positive cutoff value for del(5q) established in our laboratory is 4%. Two hundred nuclei were counted, and the percentage of cells with EGR1 deletion was calculated. Combined morphologic and FISH analysis was described previously 15 with minor modifications. In brief, morphologic evaluation and image capture were performed on Wright-Giemsa-stained BM aspirate smears; smears were then destained using 1% acid alcohol, followed by protease II (Abbott Molecular) treatment and hybridization with D5S721 and D5S23/EGR1 probes. The target cell populations were captured under a fluorescence microscope.
Statistical Analysis
The unpaired t test was used for numerical comparisons. The c 2 and Fisher exact tests were applied for categorical variables. The latency interval was estimated from the initiation of chemotherapy/radiotherapy or TKI therapy to the development of del(5q). Overall survival (OS) was estimated by the Kaplan-Meier method from the date of detection of del(5q) until death from any cause.
Results
Patients
Del(5q) as a sole clonal cytogenetic abnormality was found in 117 patients during the past 12 years at our institution. Among these patients, 25 acquired this abnormality in their BM after being treated with cytotoxic agents or TKI for the prior malignancies ❚Table 1❚ and formed the study group. These included 13 male and 12 female patients, with a median age of 64 years (range, 45-76 years). The primary malignancies included chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL, n = 6), CML (n = 4), breast cancer (n = 4), diffuse large B-cell lymphoma (DLBCL, n = 2), plasma cell myeloma (PCM, n = 2), and AML with t(8;21), follicular lymphoma, peripheral T-cell lymphoma, metastatic squamous cell carcinoma, lung adenocarcinoma, and esophageal adenocarcinoma (n = 1 each; details listed in Table 1 © American Society for Clinical Pathology diagnosed 2 months apart. The prior therapies included TKI (n = 4), radiotherapy alone (n = 2), chemotherapy alone (n = 14), chemotherapy plus radiotherapy (n = 2), and chemotherapy plus autologous stem cell transplant (SCT, n = 3) ( Table 1) . Two patients (cases 8 and 10) were included in a previous study. 10 
PB and BM Findings
At the time of del(5q) detection, six patients (cases 4, 7, 12, and 16-18) were still receiving chemotherapy and four patients were taking TKIs (cases 1, 2, 3, and 13). BM was positive for primary cancer in seven patients: two patients (cases 5 and 7) showed 50% involvement by CLL/SLL, four patients (cases 6, 10, 17, and 18) showed minimal involvement (1%-5%) by CLL or PCM, and one patient (case 1) showed minimal residual CML at the molecular level with complete cytogenetic remission.
Among the 12 patients who had a minor del(5q) clone (10%-30% of metaphases), one patient (case 4) had pancytopenia, two (cases 6 and 11) had isolated thrombocytopenia, one (case 3) had isolated anemia, and the other eight patients had a normal CBC. The median of the WBC count was 5.1 × 10 9 /L (range, 1.8-30.6 × 10 9 /L); hemoglobin level, 12.4 g/ dL (range, 9.4-15.4 g/dL); and platelet count, 130 × 10 9 /L (range, 28-272 × 10 9 /L). Among the 13 patients with a large del(5q) clone (45%-100% of metaphases), three (cases 17, 21, and 22) had pancytopenia, three (cases 15, 23, and 25) had anemia and thrombocytopenia, three (cases 14, 16, and 20) had isolated thrombocytopenia, two (cases 18 and 24) had isolated anemia, one (case 19) had isolated leukopenia, and only one patient (case 13) had a normal CBC. The median of the WBC count was 6.8 × 10 9 /L (range, 2.1-26.8 × 10 9 /L); hemoglobin level, 10 g/dL (range, 8.3-14.5 g/dL); and platelet count, 76 × 10 9 /L (range, 17-591 × 10 9 /L). The hemoglobin level was significantly lower in patients with a large del(5q) clone than in patients with a minor clone (P = .0027), whereas WBC and platelet counts were comparable between patients with minor or large del(5q) clones (P = .3771 and P = .8262, respectively). Of note, two patients (cases 23 and 25) showed circulating blasts.
The median of BM cellularity was 50% (range, 5%-95%). Increased BM blasts were seen in three patients (cases 22, 23, and 25, with 16%, 41%, and 40%, respectively). Overt dysplasia was noted in nine patients (cases 14, 15, 17, [20] [21] [22] [23] [24] [25] , On the basis of clinical and laboratory findings, seven patients (cases 14, 15, 17, 20-22, and 24) were diagnosed with t-MDS and two patients (cases 23 and 25) with t-AML at the time del(5q) was detected. For the remaining 16 cases, no diagnosis of t-MN was rendered since there were no clinical and/or morphologic grounds to support a diagnosis of t-MDS/AML.
Conventional Cytogenetic and FISH Analysis
The baseline cytogenetic data before commencement of therapy were available in 17 patients ❚Table 2❚. Four patients (CML, cases 1-3 and 13) had t(9;22)(q34;q11.2) [20] ; case 20 (AML) showed 47,X,-Y,+8,t(8;21)(q22;q22),+18 [20] ; case 7 (CLL) showed 46,XX,add(14)(q32) [20] ; case 17 (CLL) showed 46,XY,del(11)(q21q23) [4] /46,XY [16] ; and the other 10 patients showed a normal diploid karyotype. None of the patients showed del(5q) prior to therapy. The median interval from the initiation of cytotoxic therapy or TKI therapy to the detection of del(5q) was 69 months (range, 5-243 months).
Detailed information for the del(5q) clone is listed in Table 2 . The number of metaphases showing del(5q) by conventional chromosomal analysis ranged from two to 20 (10%-100%). Del(5q) was a minor clone (10%-30% of metaphases) in 12 patients (cases 1-12) and a major clone (55%-100%) in 11 patients (cases 13, 15, and 17-25); two patients (cases 14 and 16) showed del(5q) in 45% of metaphases. One patient (case 10) showed terminal 5q deletion at band 5q11.2, and the other 24 cases showed interstitial 5q deletion from proximal breakpoints varying between bands of 5q11.2 and 5q22 to distal breakpoints varying between bands of 5q15 and 5q35, with the most common breakpoints at 5q13 and 5q33 (in 15 patients). There are two common (critical) deleted regions (CDRs) in 5q: 5q31 and 5q32-33. 5q31 was intact in five patients (cases 1, 4, 9, 11, and 14) and was deleted in the other 20 patients; 5q32-33 was intact in the above five patients plus case 21 and was deleted in the other 19 patients ❚Image 2❚.
FISH analysis was performed in all 25 cases. The EGR1 gene was intact in five patients (cases 1, 4, 9, 11, and 14) and deleted in 20 patients. The percentage of EGR1-deleted interphases ranged from 4% to 88%, slightly lower but proportional to the percentage of metaphases (r = 0.9403). Cases with lower del(5q) metaphases (10%-30%) had a lower percentage of EGR1-deleted interphases (4-11%), and cases with higher del(5q) metaphases (45%-100%) had a higher percentage of EGR1-deleted interphases (26%-88%) ( Table 2 ). Of note, among the 12 patients with the minor del(5q) clone, eight had only two to three (10%-15%) metaphases and 6% to 12% of interphases showing del(5q); the 
Follow-up
The median clinical follow-up after detection of del(5q) was 17 months (range, 1-92 months). Three patients (cases 16, 18, and 19) showed worsening cytopenia and had BM rebiopsy at 2 to 5 months after del(5q) was detected. The BM exhibited convincing dysplastic features, and all three patients were diagnosed with t-MDS. In total, 12 of the 25 patients were diagnosed with t-MDS/AML. Patient 24 transformed into AML 2 years after the diagnosis of t-MDS.
Of the remaining 13 patients who were not diagnosed with t-MN, four had CML and were treated with TKIs, and nine patients had prior exposure to cytotoxic therapy. Case 13 had persistent del(5q) (35%-75% metaphases for three times) and slightly worsening anemia (hemoglobin, 12.2 to 11.6 to 10.8 g/dL) but normal WBC and platelet counts during an 11-month follow-up; no overt dysplasia was noted in three separate BM biopsy specimens. Cases 4 and 11 showed aplastic BM and pancytopenia in PB; no overt dyspoiesis was noted. All other patients had a normal or close to normal CBC, and no dysplasia was noted in PB and BM.
Cytogenetic follow-up was available in 21 (84%) patients. Eighteen (72%) patients exhibited del(5q) in at least one follow-up BM sample (median, 2; range, 1-7). At last clinical follow-up, del(5q) disappeared in four (16%) patients and persisted in 17 (68%) patients (disappeared in three patients after allogeneic SCT), and four patients had no further cytogenetic testing (died of t-MN within 5 months prior to any repeat analysis) ( Table 2) . Interestingly, while del(5q) disappeared spontaneously in four patients with a minor clone, this phenomenon was not observed in patients with a large clone. The median length of detectable del(5q) was 12 months (range, 1-59 months), and patients with minor or large del(5q) clones showed a comparable del(5q) detectable time (12 vs 11 months, P = .3152). Two patients emerged with a separate new clone during clinical followup: case 5 with del(20q) in two metaphases and case 8 with i (5)(p10) © American Society for Clinical Pathology evolution: three patients (cases 17, 19, and 20) showed a complex karyotype, and case 18 showed 46,XX,t(2;21) (p21;q22),del(5)(q15q33) [20] . Most of the 12 patients who developed t-MDS/AML (nine patients diagnosed at the time del(5q) was detected and three patients diagnosed during the follow-up) were treated with lenalidomide and hypomethylating agents. One patient (case 25) was treated with azacitidine and vorinostat (under a phase 2 clinical trial). Three patients (cases 19, 20, and 24) also received allogeneic SCT.
Outcomes
Among the 13 patients who did not develop t-MN, three died of primary cancer or complications of BM suppression, eight were alive with persistent disease, and two were alive with disease remission. The OS has not been reached. For the 12 patients who developed t-MN, 10 died and two were alive (cases 19 and 24 both received allogeneic SCT), with a median OS of 8 months. The OS of the patients with t-MN was significantly shorter than that of the patients who did not develop t-MN (P = .0015).
Discussion
In this study, we identified 25 patients who acquired del(5q) as a sole abnormality in their BM following cytotoxic chemotherapy/radiotherapy or TKI therapy. Twelve patients developed therapy-related MDS/AML, whereas this abnormality appeared to be clinically "silent" in the other 13 patients. We compared the clinical and cytogenetic characteristics of these patients and found several factors that may be helpful in determining the clinical significance of this cytogenetic abnormality.
Clone size of del(5q) appears to be critical. Theoretically, clone size detected by interphase FISH is more accurate compared with that by counting dividing cells (metaphase analysis). Our data showed that the clone size by interphase FISH is proportional but overall smaller than abnormal metaphases identified by conventional chromosomal analysis. This likely is attributable to a gain of proliferative advantage of abnormal clones over normal cells. Nevertheless, all 12 patients with a minor del(5q) clone (10%-30% metaphases) did not develop t-MN, while 12 of 13 patients with the del(5q) abnormality involving 45% to 100% metaphases developed t-MDS or t-AML. This finding is similar to what we have observed previously: most clinically "silent" clones present as a minor clone. 10 Some of these minor del(5q) clones were transient and disappeared spontaneously (seen in four patients of our cohort); in contrast, all major del(5)q clones persisted. Furthermore, patients with a major del(5)q clone appeared to have an increased risk of clonal evolution (in four of 13 patients), whereas clonal evolution was not identified in patients with a minor del(5q) clone.
The deleted region also appears to be important. Most of the patients in our cohort and those reported in the literature showed interstitial deletion of 5q. Deletions of 5q are heterozygous, and deleted regions can affect different genes. 16 There are two CDRs on chromosome 5q, one located on 5q32-33 and the other located on 5q31. Several genes are thought to be the key players in the pathogenesis of 5q-syndrome: (1) the RPS14 gene, located on 5q33.1, was identified as a critical gene for the erythroid phenotype of the 5q-syndrome. 17 Decreased expression of RPS14 causes a dramatic increase in total TP53 level and induces TP53 target gene expression and cell cycle arrest. 18 (2) A microRNA cluster, including miR-143, miR-145, and miR-146a, located on 5q32-33, is important for the megakaryocytic phenotype of 5q-syndrome. In mice, decreased expression of both miR-145 and miR146 causes thrombocytosis and the hypolobated micro-megakaryocytes characteristic of the 5q-syndrome. 19 (3) The EGR1 gene, located on 5q31, plays a role in hematopoietic stem cell proliferation. Heterozygous loss or inactivation of the EGR1 gene increases the frequency of leukemia development. 20, 21 (4) Other genes located outside of CDRs, such as NPM1 (located on 5q35) and APC (located on 5q22), may also contribute to the disease phenotype and progression. 22, 23 In our cohort, 19 of 25 patients had both CDRs deleted, five patients (cases 1, 4, 9, 11, and 14) had both CDRs intact, and one patient (case 21) had one CDR (5q31) deleted. Interestingly, four of five cases with both intact CDRs had a minor del(5q) clone and appeared to be clinically silent. In the only patient (case 14) who had both CDRs intact but developed t-MDS, the morphologic features were different from those of typical 5q-syndromes (Image 1B), raising the possibility that factors other than del(5q) might also play a role in the pathogenesis of t-MDS.
The type of treatment the patient received may also affect the outcome. del(5q) as a sole abnormality detected in patients with CML following TKI therapy has not been reported before. The most common chromosomal abnormalities reported in this clinical setting are loss of Y chromosome, monosomy 7/del(7q), +8, and del(20q). [11] [12] [13] Interestingly, only three patients (two with monosomy 7 and one with a complex karyotype) developed t-MDS among 84 patients who developed clonal cytogenetic abnormalities during TKI therapy reported in three studies. [11] [12] [13] Most of the chromosomal abnormalities were transient and of unknown clinical significance. In our cohort, four patients (cases 1-3 and 13) developed del(5q) after a median latency of 60 months. Two patients had del(5q) detected on three separate occasions over a period of 14 and 11 months, respectively (cases 1 and 13). All four patients had a close to normal or normal CBC and no overt myelodysplasia and showed major molecular responses to TKI therapy. Notably, in two of four patients, both CDRs were intact. In aggregate, del(5)q also appears to be clinically insignificant in this particular setting, like other clonal cytogenetic abnormalities occurring during TKI therapy.
Ten patients developed t-MDS in our cohort with a median OS of 8 months, which is similar to the OS of t-MN as a group, 1, 24 but is in striking contrast to a good prognosis of patients with 5q-syndrome (median OS >10 years). Studies have suggested that additional factors might participate in the pathogenesis of AML and advanced forms of MDS with del(5q). For example, gene mutations have been shown to be more prevalent in t-MDS/AML, especially TP53 mutations. 5q-syndrome associated with TP53 gene mutations has been shown to have a significantly poorer prognosis. 25 Unfortunately, most of our patients who did not develop t-MN had no molecular testing. Eight patients (cases 17 and 19-25) who developed t-MDS/AML had molecular testing for RAS, NPM1, c-KIT, JAK2, IDH1, IDH2, FLT3, and CEBPA mutations; case 23 showed an FLT3 internal tandem duplication, and case 25 showed IDH2 mutation.
In summary, isolated del(5q) developing in patients treated for a prior malignancy is not always associated with progression to a therapy-related myeloid neoplasm. Increased size of the del(5q) clone and the deletion of region 5q31 (EGR1 gene) appear to increase the risk of malignant progression. Importantly, we also identify that in patients with CML receiving TKI therapy, the development of isolated del(5)q, similar to other clonal cytogenetic abnormalities, may not carry any clinical significance. Close follow-up and surveillance for clonal evolution rather than an immediate therapeutic intervention seem most appropriate for patients with a minor del(5q) clone and a morphologically normal BM.
